ABSTRACT: Repetitive, depth-stratified sampling of a patch of herring larvae off southwest Nova Scotia (Bay of Fundy) showed semidiel vertical movement. A 48 h series of samples taken at 3 h intervals at 6 or 7 depths indicated a pattern of aggregation near the bottom (55m] between 04.00 and 07:OO h and again at 19:OO to 22:OO h, but higher in the water (< 30m) about m~dday and at 30 to 40 m about midnight. The pattern was the same for small (< 9 mm) and intermediate (9 to 14 mm) larvae, but not for the largest size group (> 14 mm) which may have been avoiding the net. The pattern conforms better to a sernidiel than to a tidal schedule, but the series is too short to be definitive. Results support the prediction of an active behavioural component to larval retention in herring larvae, but leave open the question of whether vertical movement is being undertaken specifically to affect position or whether retention is the result of vertical movement in relation to other events.
INTRODUCTION
Atlantic herring Clupea harengus spawn demersally in discrete locations to which there appears to be a considerable degree of homing (e.g. Sinclair . The larval stage is pelagic, and lasts for 3 to l 1 mo (Sinclair & Tremblay 1984) . Surveys have shown that larvae remain aggregated, or are retained, in patches of high density for considerable lengths of time; in at least some cases near the spawning area (e.g. Sinclair , Chenoweth et al. 1989 .
In a recent synthesis on the stock structure of Atlantic herring, Iles & Sinclair (1982) linked the observation of larval aggregation to stock structure and ultimate stock size. According to this 'larval retention hypothesis' the existence of discrete herring stocks, the location of their respective spawning sites and their relative size are determined by the number, location, and extent of geographically stable retention areas in which the larvae can remain aggregated for the first few months of life (Iles & Sinclair 1982 , Sinclair & Tremblay 1984 , Sinclair & Iles 1985 .
The hypothesis was derived in large part from observations that larval herring in the Bay of Fundy and Gulf of Maine, particularly off southwest Nova Scotia, occur in annually predictable, geographically discrete patches which correspond to spawning areas and which persist for several months. Iles & Sinclair (1982) pointed to a coincidence with physical conditionsspecifically well-mixed zones and fronts as defined by the Simpson-Hunter stratification parameter (Sin~pson & Hunter 1974) -and argued that such hydrographic features provide the physical basis for retention and act as a focus for the homing instinct of adult herring. They noted that patches of larvae persist in spite of residual current flow through the area, and hypothesized a n active behavioural mechanism to affect retention. More recently, Sinclair & Trernblay (1984) and Sinclair & Iles (1985) elaborated upon the hypothesis arguing that larvae are retained not passively by the circulation features of the larval retention area, but rather by an active behavioural response by the larvae to the physical regime. They infer that larvae maintain discrete distributions in relation to fixed geographical locations by migrating vertically, thus taking advantage of depth differences in current speed and direction. This view challenges the traditional concept of larval drift, and has led to considerable debate in the literature (e.g. Iles & Sochasky 1985 , Cushing 1986 .
Persistence of aggregations of herring larvae on the scale of months has been observed elsewhere, both in estuarine and coastal waters (Graham 1972 , Grainger 1980 , Fortier & Leggett 1982 , Henri et al. 1985 ) a n d offshore, on Georges Bank (Boyar et al. 1973 , Bolz & Lough 1984 . Vertical movement (migration) has been noted many times (see reviews by Graham & Sampson 1982 , Fortier & Leggett 1983 ), but with different attributed causes and correlates. The active mechanism for larval retention proposed by Sinclair & Iles (vertical movements in relation to the tidal circulation and/or residual flow) has been inferred in estuarine situations (Graham 1972 , Fortier & Leggett 1982 , Henri et al. 1985 but has not yet been observed in 'offshore' areas. Importantly, it has not been documented in the Bay of Fundy/southwest Nova Scotia area which formed the focus for development of the larval retention hypothesis.
In this paper, we present the results of a study designed to test for an active behavioural mechanism a s postulated by Iles & Sinclair (1982) . Do herring larvae move (migrate) vertically; and if so, is it to affect position and/or can it b e shown to be a n effective mechanism for retention? To test this hypothesis we undertook repetitive, depth-stratified sampling at a single site within the annual aggregation of herring larvae off southwest Nova Scotia. This is the largest and best defined of the larval patches in the Bay of Fundy/Gulf of Maine, and includes major spawning areas (particularly Trinity Ledge) of the large southwest Nova Scotia 4WX herring stock. This stock is estimated to be in the order of 500000 t in size, and supports the largest h e m n g fishery in the northwest Atlantic with a total annual catch in excess of 100 000 t (Stephenson et al. 1987) . As well as being fundamental to the larval retention hypothesis, the question of vertical distribution of larvae is of practical importance in its implications for standard spatial surveys using bongo nets (i.e. the standard ICNAF methodology; Anonymous 1972) including the use of this information to estimate population size in stock assessments , Stephenson et al. 1987 .
METHODS
Field sampling. The results presented in this paper are from 2 cruises undertaken sim.ultaneously in late October and early November, 1985. A synoptic spatial survey of 150 stations in the Bay of Fundy and eastern Gulf of Maine (EE 'Prince' Cruise 329: 22 Oct to 13 Nov 1985; Fig. 1 ) was used to define the area1 distribution of larval herring abundance. At each station, paired 61cm bongo nets (0.505mm mesh, each equipped with a Model 2030 General Oceanics flowmeter mounted in the mouth), were fished in a multiple oblique ('sawtooth') pattern from the surface to an estimated 5 m off the bottom, for At the same time, a site-specific study was undertaken within the larval h e m n g aggregation off southwest Nova Scotia ('Lady Hammond' Cruise 145: ? to 13 Nov 1985) . Sampling focused on a station at 6 0 m depth of high larval herring density (43"55'N, 66"25'W; Fig. 1 ) and featured a 48 h series of samples taken at ca 3 h intervals between 10 : 00 h on 8 Nov and 10 : 00 h on 10Nov. Each set on this crulse included an oblique bongo tow using the same protocol a s outlined above for the EE 'Prince' survey, except that one net was 0.505mm mesh and the other was 0.333 mm, and that gear depth was monitored by means of a Guildline CTD attached to the bongo. In addition, discrete-depth sampling was undertaken using the MININESS (Reid et al. 1987 ) with a square mouth area of 0.25m2 and equipped wlth 9 nets of 0.333mm mesh. Using this sampler, ichthyoplankton was collected at 6 (5, 10, 20, 30, 40, 50 m) or 7 (additional sample at 55m) discrete depths from the bottom to the surface with a tow duration of 10 min at each stratum at a speed of 3.5 knots. Depth, temperature and salinity were monitored continuously by means of a Guildline CTD and depth was adjusted as required. Filtration was recorded using Model 2031 General Oceanics electronic flowmeters.
Prior to each set, a vertical hydrographic profile was taken using a Guildline CTD system, backed up by water samples from a rosette sampler for salinity calibration.
All plankton samples were preserved immediately in 5 % buffered formalin. Herring larvae were sorted, identified and measured to the nearest mm in the laboratory with~n 3 mo of collection.
In an attempt to account for movement of the water within the larval herring patch at the time of sampling, a satellite-tracked Hermes drifter, with a drogue at 10 m, was released for 24 h from the study site.
Analyses. Larval densities are expressed as numbers per m3 filtered in bongo tows and in each stratum of the MININESS tows. Vertical distribution of larvae is expressed as the depth stratum containing the maximum number of larvae per m3 per tow, and as the mean centre of mass (ZCM) calculated (as in Fortier & Leggett 1983) as follows:
1= 1 where p, = the proportion of larvae (for a particular set) occurring at depth i; z, = sample depth (m).
To test for relationships between herring distribut~o n and tide we used tidal parameters predicted for the study site (43"55'N, 66"25'W) by Greenberg's (1983) model. The model is a non-linear, 2-d~men-sional scheme with a grid size of ca 7 km (see also Loder & Greenberg 1986). The model was used to predict vectors representing averaged values for the major M2 portion of the tide, referenced in time to the t~d e cycle predicted in tables for Yarmouth, Nova Scotia.
RESULTS

Spatial distribution of larvae
The spatial distribut~on of larval herring in the Bay of Fundy and eastern Gulf of Maine has been documented in October/November each year for more than a decade . Results of the 1985 synoptic spatial survey (Fig. 1) showed the same dense aggregation of larvae off southwest Nova Scotia and into the southern Bay of Fundy which has typified previously surveys. The results showed that the larval patch was at least 9000 km2 in area. Larval densities as high as 10.25m-3 were recorded, and the patch is estimated (product of site density and area) to have contained at least 5.8 X 10'' larvae. The survey confirmed that the site chosen for depth stratified sampling was situated well within this annually occurring larval aggregation (Fig. 1) .
Vertical distribution of larvae
Depth-stratified sampling spanned 6 d , but was concentrated in a 48 h period beginning 09:OO h on 8 Nov. Overall density of herring larvae at the study site (determined from oblique bongo tows) was high, ranging from 0.27 to 1.20 larvae m-3 over the entire samp l~n g period, and averaging 0.58 + 0.32 SD during the 48 h series (Table 1) .
Depth-stratified sampling showed that herring larvae were not distributed uniformly throughout the water column (Table l ) . Densities in individual strata of a single sample ranged as much as 0.04 to 8.96 larvae m-3 (50 m and 5 m, 13:OO h on 7 Nov) and in most sets there was an obvious aggregation of larvae at one depth. Further, the depth at which herring larvae were aggregated varied over time (Table 1) . Depth of maximum density ranged from 5 m (13:OOh on 7 Nov) to 55 m (several sample tlmes); the center of mass (ZCM) ranged from 8.7 m (13:OO h on 7 Nov) to 47.5 m (19:OO h on 8 Nov).
The temporal vanation in depth distribution (measured as either ZCM or depth of maximum abundance) conformed to a semidiel pattern. Fortier & Leggett 1983) , which may be in response to light. Others, particularly those studying estuaries, have linked vertical movement to currents and maintenance of larvae within the estuary (Graham & Sampson 1982) . Patterns are complicated further by size-specific differences or changes in larval behaviour with respect to vertical movement. A diel vertical movement is generally thought to develop sometime around 4 d after hatching, and to become stronger in older larvae (Blaxter & Hunter 1982) .
However, resolution of the pattern of vertical movement of herring larvae in most previous studies has been limited by gear constraints and sampling design; particularly the frequency of sampling and the number of depths sampled. Most have considered only day vs night samples (e.g. Henderson 1987 ); often by averaging (aggregating) samples for each period. The result, predictably, has been limited to statements concerning the diurnal (dayhight) nature of larval herring vertical movement; the frequency of sampling being too low to detect any finer pattern (the importance of this problem for interpretation of vertical migration generally has been pointed out by Pearre 1979) . One previous study which did sample with high frequency (sampling interval of l h) (Fortier & Leggett 1983 ) detected a semidiel pattern, but was limited to only 3 depth strata. We present a more frequent temporal series than has been used in recent 'dayhight' papers on vertical migration in ichthyoplankton (e.g. Brewer & Kleppel 1986, Castonguay & Mcleave 1987) and a vertical series of higher resolution than in Fortier & Leggett (1983) .
Our study indicates a definite semidiel vertical movement of larval herring through as a much as 5Om (Fig. 2) . Depth of maximum concentration of larvae ranged through 50rn and ZCM through 30m, in an area with a maximum depth of 60m. The breakdown of our data by larval size grouping (Table 2) indicates that larvae of both small (< 9 mm but post yolk sac) and intermediate (9 to 14mm) sizes follow the same pattern. Detection of vertical movement in the smaller size group is in contrast to literature reports that young herring larvae do not move vertically (Seliverstov 1974 , Graham & Sampson 1982 , Fortier & Leggett 1982 , 1983 . Larvae of the largest size group (> 14 mm) were few in number, and appeared to be taken mostly in deeper samples or at night. Thls indicates either a different pattern of vertical movement by the larger larvae (movement to near bottom, or at least below the lowest net, by day) or possible avoidance of the sampling gear in surface layers during daylight. Further evidence for the differential capture of large larvae is a detectable decrease in mean length of larvae durlng daylight compared with night-time bongo samples (Fig. 4) . Die1 variation in the catches of large larvae has been recorded in previous studies, and attributed to visual detection and avoidance of nets (reviewed by Blaxter & Holiday 1963) .
The greatest concentration of lamae occurred in the deepest sample depth twice in the diel series, and raises the question of whether herring lanrae move even deeper (i.e. right to bottom). Although a number of authors have suggested that herring larvae do not occur near the bottom (Fortier & Leggett 1983) it is possible that the distribution of larvae extended below the lowest sample depth i.e. within 5 m of bottom, as concluded also by Sjoblom & Parmanne (1978;  although for a shallower site). Subsequent epibenthic sled samples from the same area (November 1987) showed densities as high as 3m-3 near the bottom (R. L. Stephenson unpubl.) . This point is of critical importance to standard oblique bongo survey protocol in that it would lead to undersampling of larvae in tows which typically do not sample within 5 m of the bottom. The deepest net of each MININESS tow was 5 m from the bottom, and gives an indication of the potential error which would occur in an oblique tow which missed this stratum. As high as 62 O/O of the sum of densities (for all strata) for each tow occurred in the lowest stratum during the 48 h series of tows (Fig. 5) .
Further, there appeared to be a diel pattern to the proportion of larvae in this stratum, linked to the semidiel verhcal movement. The implication is that there could be a time-dependent bias in sampling larval herring using standard ichthyoplankton methods (e.g. oblique bongo tows). This aspect is being investigated further in a comparison of MININESS and bongo samples and a study using an epibenthic sampling device (Stephenson unpubl.) .
Timing of vertical movement
The semidiel nature of the pattern of vertical movement suggested either a link with time of day (i.e. light) or with tide. Because tidal movement has been suggested as a mechanism accounting for the larval reten- tion phenomenon, we were interested particularly in examining the relationship between vertical movement and tide.
Comparison of the vertical position of larvae during the 48 h series with the current vector cycle (calculated from Greenberg's 1983 model) of the M2 tide for the study area (Fig. 3) shows some correspondence. The larvae were, generally, highest in the water column during southerly ebb tlde, and nearer the bottom during the northerly flow of flood tide (Fig. 3C) . Vertical current profiles from a meter mooring site nearby showed a reduction in velocity of tidal currents of at least one third within 1 0 m of the bottom (Tee et al. 1987) ; and bottom drift bottles released near the study site showed a significant difference in direction of movement, in comparison to surface bottles (R. I. Perry, DFO, pers. c o m n~. ) .
The result of the observed pattern of larval movement would be a reduction, or elimination, of the effect of the residual flow to the north indicated by the Hermes drifter. However, on the basis of the 4 8 h series alone, we cannot discriminate between a tidal and a true semidiel pattern; during this period the flood tide coincides with pre-dawn and postdusk periods, which may also b e crepuscular events of a light-related pattern. The sample period was not long enough to investigate the pattern of larval movement when the tide was at a different phase. Extreme samples from our series (7 and 13Nov) fit the senlidiel pattern (Fig. 2) better than the tidal pattern (Fig. 3) .
The conformity to a semidiel pattern is consistent with suggestions In the literature linking vertical positlon of hernng larvae in the water colun~n with the changes in the distribution and abundance of prey items (Fortier & Leggett 1983) . This is presumably ultimately linked with light (Blaxter 1985) both by its effect on zooplankton and on larval feeding. In that case the pattern would be, more specifically, semidlurnal (as concluded also by Fortier & Leggett 1983) . However, the occurrence of larvae higher in the water column during the day is inconsistent with the expected negative phototaxis observed in herring larvae in the lab (Blaxter 1973) and in zooplankton in general (Castonguay & McCleave 1987 ). Fortier & Leggett (1983 demonstrated that the 12.5h (i.e. tidal) pattern of vertical movement of herring larvae in the Gulf of St Lawrence coincided with the vertical pattern of microzooplankton (prey) abundance, which they suggested was determined by hydrography.
There is no doubt that vertical movement (migration) is a common behavioural trait of herring larvae: it has now been observed in a range of sizes of herring larvae, in several stocks from disparate geographic locations, and in a range of hydrographic regimes. There is also no doubt that dispersion of herring larvae is not by completely passive drift (in the sense of a neutrally buoyant suspension). Passive drift in this area would result in movement in a northerly direction at a rate of about 19 kmd-' (as indicated by the satellite tracked drogue) and, based upon drifter results, into the Bay of Fundy or westward to the coast of Maine with a n expected displacement of several hundred km over 3mo (Sinclair & Iles 1985) . It is reasonable to assume that vertical movement affects spatial distribution; however, the degree to which vertical movement (migration) is being undertaken to control position is still unclear. Is it, as maintalned by Iles (Iles & Sochasky 1985, pers. Comm.) , the result of active behavioural responses by individuals to use the hydrography to achieve and maintain (spatial) position? Or is it a semidiel behavioural pattern related to some other factor (such as light, prey availability, predators) which results in a modified spatial distribution pattern? If the former, it must conform to a tidal schedule. However, the pattern of vertical movement observed in this study is related better to the time of day (Fig. 2) than to the state of the tide (Fig. 3) and indicates the latter It suggests that semidiel vertical movements through most of the 60 m water column and involving periods of movement to very near bottom, combined with currents in this area, dominated by tide, result in a slow elongation of the larval herring distribution to the north; in the direction of, but very much slower than the residual flow. On the other hand, the variety of patterns of vertical movement observed in other studies indicates that there may be different mechanisms operating in different situations. Iles & Sochasky (1985) point out that only minor modification ('modulation') of a regular diel behaviour pattern would be sufficient to allow use of currents in different directions.
